While the rapid growth of cloud computing is driven by the surge of big data, the Internet of Things, and social media applications, an evaluation and investment decision for cloud computing has been challenging for corporate managers due to a lack of proper decision models. This paper attempts to identify critical variables for making a cloud capacity decision from a corporate customer's perspective and develops a base mathematical model to aid in a hybrid cloud investment decision under probabilistic computing demands. The identification of the critical variables provides a means by which a corporate customer can effectively evaluate various cloud capacity investment opportunities. Critical variables included in this model are an actual computing demand, the amount of private cloud capacity purchased, the purchase cost of the private cloud capacity, the price of the public cloud, and the default downtime loss/penalty cost. Extending the base model developed, this paper also takes into consideration the interoperability cost incurred in cloud bursting to the public cloud and derives the optimal investment. The interoperable cloud systems require time and investment by the users and/or cloud providers and there exists a diminishing return on the investment. Hence, the relationship between the interoperable cloud investment and return on investment is also investigated.
Introduction
The evolution of the Internet, storage technologies, serviceoriented architecture, and grid computing has led to the development of cloud computing. Cloud computing has emerged as a disruptive innovation offering a variety of computing services and resources to individual users and corporate customers. Cloud infrastructure that was traditionally limited to single provider data centers is now evolving to the use of infrastructure from multiple providers [1] . A wide variety of deployment models, service models, and pricing schemes are flexibly integrated with each other to help enterprises transform the way they conduct business and meet their idiosyncratic computing needs.
Cloud computing complements traditional client-server computing to support the computing needs of businesses with a range of benefits such as lower IT expenditures, resource pooling, single source application updates, and scalability. Many cloud computing providers such as Google, Microsoft, IBM, and Amazon have been heavily investing in cloud technology and are leading various cloud services markets [2] . However, the increasing dissemination of cloud services and the growing number of cloud service providers (CSPs) have resulted in uncertainty for corporate customers in adopting cloud services [3] . Opara-Martins, Sahandi, and Tian [4] find that the most cited reasons for adopting cloud computing include better scalability of IT resources (45.9%), collaboration (40.5%), cost savings (39.6%), and increased flexibility (36.9%).
The most cited challenge among corporate customers is managing costs, but they underestimate the amount of wasted cloud expense [5] . Respondents estimate 27% waste, while RightScale [5] has measured actual waste at 35%. 84% of the respondents with more than 1000 employees are using a multi-cloud strategy and 58% are using the hybrid cloud. Cloud cost saving is the top priority across all corporate customers (64%). Therefore, this study cannot emphasize enough the importance of the solid justification of the economic capacity evaluation and management of cloud computing as a capacity evaluation and investment decision.
Capacity planning is a challenging task when there is an unpredictable, fluctuating computing demand with many peaks and troughs [6] . Without a solid evaluation model, estimating the tradeoff between the benefits and costs incurred in order to cover peak computing demand is challenging. Therefore, overcapacity or under-capacity is a common phenomenon in the investment of cloud capacity. Overcapacity puts companies at a cost disadvantage due to a low utilization of cloud resources. On the other hand, under-capacity puts them at a strategic disadvantage due to customer/user dissatisfaction, high penalty costs, and potential sales loss.
The hybrid cloud enjoys the benefits of both private and public clouds, but the combination of the two has introduced challenging issues such as data security, performance, and cost optimization [7] . According to RightScale's 2019 State of the Cloud Report [5] , the hybrid cloud is the most preferred cloud for corporate cloud capacity investment. The hybrid cloud is flexible enough to handle the spike of computing demand while at the same time reducing computing costs. The hybrid cloud is a cloud environment in which an organization owns and manages their internal private cloud and uses a public cloud or a community cloud externally when necessary. In the hybrid cloud, typically, non-critical computing resources are outsourced to the public cloud, while mission-critical applications and data are kept in the private cloud under the strict control of the organization. Researchers used the MapReduce paradigm to split a data-intensive workload into mapping tasks sorted by the sensitivity of the data, with the most sensitive data being processed at on-premise servers and the least sensitive processed in a public cloud [8] . Many leading enterprises such as Uber, GM, and JP Morgan are adopters of the hybrid cloud. For example, Uber relies on a hybrid cloud infrastructure that combines the use of public cloud services with standardized on-premise server racks in its datacenters [9] .
Whether to utilize cloud computing or internal IT resources for business purposes is a critical decision for organizations and decision makers [10] . For companies, the cloud evaluation and investment decision to minimize the total computing costs requires a basic understanding of the relationships between the cost of computing resources, a penalty for computer downtime, and a probability distribution of the computing demand. In light of the lack of studies in the cloud investment area and the corporate trend of migrating to the hybrid cloud, this paper proposes an optimization approach to cloud evaluation and an investment decision of the hybrid cloud for corporate decision makers. The remainder of this paper includes a literature review on cloud capacity investment decisions, the base decision model, an illustration of the model operation, a model extension with an interoperability cost for cloud bursting, and return on investment (ROI) management.
Literature review
While exact modeling of cloud centers is not feasible due to the nature of cloud centers and the diversity of user requests [11] , workload modeling has been used to increase the understanding of typical cloud workload patterns and has led to more informed resource management decisions [12] . Workload modeling and characterization is especially challenging when applied in a highly dynamic environment for reasons such as heterogeneous hardware in a single data center and complex workloads composed of a wide variety of applications with different characteristics and user profiles [13] . In a large-scale system faced by time varying and regionally distributed demands for various resources, there is a tradeoff between optimizing the resource placement to meet its demand and minimizing the number of added and removed resources to the placement. Novel analytic techniques utilizing graph theory methodologies are proposed that overcome this difficulty and yield very efficient dynamic placements with bounded repositioning costs [14] .
A number of studies on models of computing resources assume the exponential distribution or the Weibull distribution of computing requests and conduct mathematical analyses of system performance [11, 15, 16] . For example, a cloud center is modeled as a classic open network with a single arrival from which the distribution of response time is obtained, assuming that both interarrival and service times are exponential [17] . A recent study of Patch and Taimre [18] also assumes that tasks require an exponentially distributed service time for transient provisioning and performance evaluation of cloud computing platforms.
Wolski and Brevik [19] conduct a simulation of workload patterns with real data and compare the efficacy of the lognormal distribution, the 3-phase hyper exponential distribution, and the pareto distribution and find that the use of the 3-phase hyper exponential distribution is the most appropriate based on the Kolmolgrov-Smirnov statistic which has been widely used to compute the goodness-of-fit between the observed data and a distribution fit to it. With the goal of providing a repository where practitioners and researchers can exchange grid workload traces, a research team from the Delft University of Technology maintains an archive that contains an extensive set of grid workload data as well as the results of the Kolmolgrov-Smirnov (KS) tests [20] .
The Kolmolgrov-Smirnov static of the various workloads show that overall, the Weibull, the lognormal, and the gamma distributions have a better fit than others. While a workload analysis can be used for scheduler design, it is also useful for capacity planning.
The efficient and accurate assessment of cloud-based infrastructure is essential for guaranteeing both business continuity and uninterrupted services for computing jobs [21] . However, efficient resource management of the cloud infrastructures is challenging [22] . In the capacity planning and management area, most studies focus on micro-level scheduling such as dynamic resource allocation and prioritization of computing jobs. Widely used resource management methods such as Amazon Web Services (AWS) Auto Scaling and Windows Azure Autoscaling Application Block, are reactive. While these reactive approaches are an effective way to improve system availability, optimize costs, and reduce latency, it exhibits a mismatch between resource demands and service provisions, which could lead to under or over provisioning [23] . Hence, predictive resource scaling approaches have been proposed to overcome the limitations of the reactive approaches most often used [24] [25] [26] .
Misra and Monda [27] point out that a challenge arises when companies with an existing data center make a decision on whether cloud computing would be helpful for them or if they should stick to their own in-house infrastructure for the expansion and consolidation of the existing data centers. They analyze the cost side aspect with a simulation model that not only helps assess the suitability of the cloud computing but also measures its profitability. Recently, Patch and Taimre [18] demonstrate that taking into account each of the characteristics of fluctuating user demand of cloud services can result in a substantial reduction of losses. Their transient provisioning framework allows for a wide variety of system behaviors to be modeled in the presence of various model characteristics through the use of matrix analytic methods to minimize the revenue loss over a finite time horizon.
de Assunção, di Costanzo, and Buyya [28] investigate the benefits that organizations can reap by using a public cloud to augment their local computing capacity. They evaluate six scheduling strategies to understand how these strategies achieve a balance between performance and usage cost, and how much they improve response time. Gmach, Rolia, Cherkasova, and Kemper [29] describe a capacity management process for resource pools. They use a trace-based approach which predicts future per-server required capacity and achieve a 35% reduction in processor usage as compared to the benchmark best practice.
The hybrid cloud can potentially reduce the financial burden of overcapacity investment and technological risks related to a full ownership of computing resources and can allow companies to operate at a cost-optimal scale and scope under demand uncertainty [30] . The hybrid cloud allows users to scale computing requirements beyond the private cloud and into the public cloud -a capability called cloud bursting in which an application runs in its own private resources for the majority of its computing and bursts into the public cloud when its private resources are insufficient for the peaks in computing demand [31] . For example, a popular and costeffective way to deal with the temporary computational demand of big data analytics is hybrid cloud bursting that leases temporary off-premise cloud resources to boost the overall capacity during peak utilization [32] . Academic research into the hybrid cloud has focused on the middleware and abstraction layers for creating, managing, and using the hybrid cloud [8] . Commercial support for the hybrid cloud is growing in response to the increasing demand for the hybrid cloud. Container technologies will improve portability between different cloud providers.
While potential benefits of the hybrid cloud arise in the presence of variable demand for many real-world computing workloads, additional costs related to hybrid cloud management, data transfer, and development complexity must be taken into account [33] . Bandwidth, latency, location of data, and communication performance need to be considered for integrating a public cloud with a private cloud [34] . The interoperability and portability issues between the public cloud and the on-premise private cloud also continue to be barriers to its adoption. These issues arise when cloud providers develop services with non-compatible proprietary technologies [4] . While various standardized solutions have been developed for diverse cloud computing services [35] , cloud providers often develop their own proprietary services as a way to lock in clients, differentiate their services, and achieve a market monopoly in the early stages of innovation. A lack of standardization poses challenges to cloud users who need to integrate diverse cloud services obtained from multiple cloud providers [36] and perform cloud bursting in the hybrid cloud environment.
While the above-mentioned studies investigate microlevel scheduling schemes for cloud resources, few studies have analyzed how cloud capacity for the public, private, and hybrid cloud interacts with the service level and prices in a given decision horizon. Furthermore, most previous studies did not attempt to develop any closed form solution for an optimal cloud capacity decision.
Cloud computing is in an expansion stage of technological diffusion and is projected to grow more rapidly with the advances in big data, artificial intelligence, and the Internet of Things. Given the growing interest in the cloud capacity decision by managers, researchers need to develop cost-benefit evaluation models and tools that will help managers make a judicious cloud capacity decision. The development of a quantifiable cost-benefit decision model is of vital importance to avoid intuition-based gut-feeling investment decisions. In an attempt to fill a gap in the current studies, the next section provides a normative model for the cloud capacity decision.
A capacity evaluation and investment decision model of hybrid cloud
This section proposes a capacity evaluation and investment decision model of the hybrid cloud and examines the relationships between model parameters and cloud investments. This model derives the optimal capacity decision of the private cloud and the public cloud to minimize the total computing costs. The optimal decision is based on the cost structure and a probability density function for computing demand in a given period. This model reflects customers' perspectives and utilizes a model presented by Henneberger [37] which extends the classic newsvendor problem and derives a critical fractile formula using an inverse cumulative distribution function of computing demand. This newsvendor problem has been widely used in inventory management. For example, Fan et al. [38] apply the newsvendor model to analyze the reduction of inventory shrinkage with the use of RFID. While Henneberger's model did not present a closed-form solution, the proposed model derives a closed-form solution for a capacity evaluation and decision problem with an exponential probability distribution of computing demand. Later, the base model is extended to find the optimal solution for two investment decision variables simultaneously: (1) the optimal cloud capacity for the private cloud and (2) the optimal investment in the interoperability enhancement for cloud bursting in the hybrid cloud environment.
A hypothetical cloud capacity evaluation and investment decision problem
A company needs to decide how much private cloud they need to invest in and how much public cloud they need to use to minimize the total computing costs in a given decision horizon. While the company can choose to use a private cloud only, a public cloud only, or a hybrid cloud, they realize that the hybrid cloud has a cost advantage when a company has a wide range of peaks and troughs in computing demand. The company can purchase a private cloud capacity in its own virtual machine (VM) environment, and can use the pay-as-you-go public cloud for peak-time computing demands. The proposed model helps find an optimal mix of the private and public cloud to minimize the total computing costs. The following is the nomenclature used throughout this paper.
Nomenclature
x: an actual computing demand occurring in each time unit with an exponential probability distribution function λe −λx : an exponential probability distribution function for computing demand 1-e −λx : a cumulative exponential distribution function for computing demand c: units of private cloud capacity purchased at the beginning of a decision period k: one-time purchase cost per unit of the private cloud capacity for a decision horizon p: the price of the public cloud per time unit q: the guaranteed service level k a : the default downtime loss/penalty cost t: the number of time units in a decision horizon This section presents a base model for the cloud evaluation and investment decision problem. The following several assumptions used in this paper are from Henneberger [37] . It is assumed that private cloud resources are purchased or contracted at the beginning of the decision horizon, that the public cloud provider has a sufficient capacity to satisfy the peak demand of the company, and that the probability distribution for computing demand can be estimated based on real demand data and each demand can be split into the private and public clouds if cloud bursting is necessary. The unit price of the public cloud remains the same over the planning horizon. Figure 1 shows a simulated demand distribution based on an exponential probability distribution. It is noted that a number of previous studies on models of computing resources assume the exponential distribution or the Weibull distribution of computing requests [11, 15, 16] . It is possible to use any probability distribution with real data, but no closed form solution may be obtainable and a simulation approach may be more appropriate over an analytical approach. x represents an actual computing demand and c represents the private cloud capacity purchased. When the actual computing demand x is below the purchased capacity c, the private cloud will be used. In this situation, c-x is an excess private cloud capacity. When x is the same as c, the private cloud is fully utilized without the need for the public cloud. When the computing demand x exceeds c, then x-c units of the public cloud are purchased from a public cloud provider via cloud bursting. In this model, the decision variable is the units of private cloud capacity to be purchased, c. Among the model variables, critical model variables include a probability distribution function for the computing demand, the price of the public cloud, and the purchase cost per unit of the private cloud.
The base model
The objective of the base model is to decide the optimal private cloud capacity to minimize the total cloud costs. The base model of the hybrid cloud is given as the total cost minimization function (1) .
where k ⋅ c is the total private cloud costs at the beginning of the investment horizon, q Á R ∞ c λe −λx ðx−cÞdx Á p is the costs of the public cloud per time unit, and ð1−qÞ Á R ∞ c λe −λx ðx−cÞdx Á k a is the default downtime penalty cost related to the out-of-service situation from the public cloud provider. The cost structure follows Henneberger [37] . Applying integration techniques, Eq. (1) is transformed into Eq. (2).
Differentiating Eq. (2) in terms of c leads to:
To get the closed form optimal value of c, Eq. (3) is set to zero. Then, the optimal private cloud capacity required is:
Equation (5) is the second derivative of Eq. (2). As the second derivative is always greater than zero for the value of c, the objective function (2) is convex with a minimum at c * .
The utilization rate of the private cloud c is given by:
An illustration of the base model operation
As an illustration of the model operation, assume the following: λ = 0.001; k = $10,000; p = $1.9; q = 0.9945; k a = $100; t = 10,000. In this scenario, the unit price of the private cloud capacity is set to about 53% of the equivalent usage of the public cloud (i.e., $10,000/($1.9*10,000)). This pricing assumption reflects the current cloud market. As of January 2018, Microsoft Azure provides cost savings of 40% to 68% for an advanced purchase of a virtual machine for one or 3 years compared to the hourly-based pay-as-you-go services (see https://azure.microsoft.com/en-us/pricing/details/virtual-machines/linux/). 451 Research [39] also reported significant cost savings with the private cloud. The expected demand is 1000 capacity units (e.g., virtual machines or physical machines) with the exponential probability (λ = 0.001). Then, the optimal private cloud capacity, c * , is 891.8 units, and the total computing cost, TC, is $18, 918,135. The optimal utilization rate of the private cloud is 66.17%.
Analysis of model behaviors
This section analyzes the relationship between the capacity decision and model variables. The experiment considers a set of possible pricing scenarios and determines the optimal cloud capacity to minimize the total costs. 3 show that as the price of the private cloud increases, the optimal private cloud capacity decreases rapidly from over 1400 to less than 600, but the optimal utilization rate of the private cloud increases slowly from 0.54 to 0.77. It is conventional wisdom that a higher utilization rate is desirable. A high utilization rate is not necessarily desirable since it is possible to achieve the high utilization rate with an under-capacity investment in the private cloud. It is interesting to note that the slight improvement of the utilization rate comes with a much greater reduction rate of the private cloud capacity. Figure 4 shows that as the price of the public cloud increases, the use of the public cloud decreases, but, the use of the private cloud increases to meet the computing demand. Note that the total usage of both private and public cloud is 1000 units. When the price of the public cloud is $1.46, the usage of the public cloud is approximately equal to the usage of the private cloud. It is interesting to note that the usage lines of the public and the private cloud have the same distance from the straight line of the 500 units.
An evaluation and investment in interoperability for cloud bursting
The hybrid cloud requires interoperability of the private and the public cloud to support cloud bursting. Since cloud providers often offer their own proprietary applications, interfaces, and infrastructures, users have difficulty in migrating to cloud providers [40] . Two major approaches were proposed to improve cloud interoperability: provider-centric and user-centric approaches [41] . The provider-centric approaches are driven by a service provider who offers specific services and is willing to develop standards and technologies for customers to achieve a specified level of interoperability between the private and public cloud. On the other hand, the user-centric approaches are driven by the cloud users who either rely on their own in-house IT personnel or a third party (e.g., a cloud broker) to achieve the desired level of interoperability. For example, cloud users may develop a separate layer to handle heterogeneity in cloud environments [42] . In the hybrid computing environment, it is also challenging to decide which applications should be transitioned into the public cloud in time of cloud bursting. Lowering the bursting time and automating the movement process at the proper time require interoperable cloud systems. However, existing commercial tools rely heavily on the system administrator's knowledge to answer key questions such as when a cloud burst is needed and which applications must be moved to the cloud [31] .
One benefit of interoperable cloud systems is that it reduces the cost of cloud bursting for users. The interoperable cloud systems may be achieved by using standardized data formats, open source cloud systems, application program interface (API), and specialized middleware. All these require time and investment by the users and/or cloud providers and there may exist a diminishing return on the investments. For example, cloud bursting requires that the company's software is configured to run multiple instances simultaneously and they may need to retrofit existing applications to accommodate multiple instances [43] . Therefore, it is important to evaluate the value of the interoperabilityenhancing technologies to support cloud bursting.
This section focuses on the user-centric approaches where a corporate cloud customer decides to invest in interoperability enhancement such as the development of a layer to handle cloud bursting. Mathematical procedures are developed to evaluate investment decisions for the hybrid cloud capacity and the interoperability enhancement simultaneously. The base model is extended to include the investment decision variable for the interoperability enhancement. The simultaneous cloud-interoperability decisions refer to the investment decisions for which both the variable for the cloud capacity and the variable for the interoperability enhancement are solved at the same time in the hope of reducing the total cloud costs synergistically. The cloud-interoperability evaluation and investment model is given as the total cost minimization function (7) .
Where z is a per-unit interoperability cost, q Á R ∞ c λ e −λx ðx−cÞdx Á z is the total interoperability cost of the public cloud per time unit when cloud bursting occurs, and G is the investment to enhance the interoperability. Note that all other terms are the same as those in the base model. The total cost minimization function (7) is transformed to Eq. (8) .
Now, the per-unit interoperability cost, z, is defined as an exponential function of the investment, G, as follows.
where W is the highest interoperability cost per time unit of the public cloud incurred when there is no investment in the interoperability enhancement and U is the lowest interoperability cost achievable with the investment of G. Differentiating Eq. (8) in terms of c and G, respectively leads to:
To simplify the mathematical procedures, set e −λc = g Equation (11) leads to: 
The first derivative of Eq. (9) is taken with regard to G. The result is given by:
Setting two Eqs. (12) and (13) equal leads to:
If the optimal private cloud capacity c * is given, the optimal z * is:
To find the simultaneous solution for both the private cloud capacity and the interoperability enhancement, set Eq. (10) to zero, and plug Eq. (14) in the equation to get:
Given the optimal g * (i.e., e -λc ), z * , c * , and G * are obtained as follows: Table 1 shows the improvement made by the simultaneous cloud-interoperability investment decision over the sequential cloud-interoperability investment decision and no investment decision. The sequential cloud-interoperability investment decision refers to the evaluation process in which only one decision variable is solved at a time. First, using Eq. (4), the optimal private cloud capacity, c * , is determined without considering the optimal interoperability investment, G * . Second, based on the optimal private cloud capacity, using Eq. (15), the investment in the optimal interoperability enhancement is determined. For example, assume the same base model's parameters. Then, the optimal private cloud capacity c * ≈ 435. Then, g = e −λc = e (−0.001 * 435) = 0.64746. The optimal interoperability cost, z * , is $0.4883. The optimal investment in the interoperability enhancement, G * , is $1,807,338. Table 1 shows that the sequential cloud-interoperability investment decision results in a lower interoperability cost per computing unit than the simultaneous cloud-interoperability investment decision, but it brings about overinvestment in the interoperability enhancement and consequently larger total cloud costs, as it does not take into consideration the synergy effect. On the other hand, the simultaneous cloud-interoperability investment decision leads to an optimal investment, considering the synergy effect between the interoperability cost and the cloud capacity cost. Surprisingly, the sequential interoperability investment generates a higher total cost than no interoperability investment.
Sensitivity analysis of cloud-interoperability investment decision
This section further evaluates the performance of the sequential and simultaneous investment approaches discussed above and conducts sensitivity analyses to understand model behaviors of the investment decisions by changing parameter values. The base parameter values assumed are presented below.
Base parameters
k: a cost of $10,000 per unit private cloud capacity p: the unit price of $1.0 for public cloud service per time unit z: the interoperability cost of $0.9 without investment q: the guaranteed service level of 99.45% k a : a default downtime loss/penalty cost of $100 per time unit t: 10,000 time units in a decision horizon U = $0.1 W = $0.9 λ = 0.001 β = 0.0000004 Figures 5 shows that as the computing demand increases, the optimal interoperability cost, z * , decreases with more investment in the interoperability enhancement, G. The decline of the per-unit interoperability cost is more rapid when the demand is smaller and the decline slows down as the demand increases. Figure 6 shows that as the demand level increases, the difference gets wider between the total cost of the simultaneous cloud-interoperability and that of the no investment decision. The simultaneous cloudinteroperability dominates no investment at all demand levels. Figure 7 shows that the total cost of the sequential cloud-interoperability investment is higher than that of the no investment decision when the demand level is small, but becomes lower than that of the no investment decision as the demand gets larger.
The analysis indicates that an organization with a large cloud demand level would achieve a greater cost advantage from the interoperability enhancement than an organization with a small demand, since a marginal increase of the investment in the interoperability enhancement generates large savings for the total cloud cost when the demand is high. On the other hand, many small and medium-sized companies may find the use of a third-party cloud broker to be more cost effective than an in-house development of interoperability technologies. Small and medium-sized companies may also reap benefits from cloud providers which offer standardized interoperable cloud technologies.
Return on investment of an interoperability project
As in many other IT projects, one of the barriers to the investment in cloud technologies is difficulty in measuring the potential return on investment (ROI). ROI is one of the most crucial criteria for companies to consider when investing in a new technology. ROI analyses have been used in various technology evaluations [44] . For example, Lee [45] develops cost/benefit models to measure the impact of RFID-integrated quality improvement programs and to predict the ROI. Using these models, the decision makers decide whether and how much to invest in quality improvement projects. An ROI model was developed for an economic evaluation of cloud computing investment [27] .
While a formula for calculating ROI is relatively straightforward, the ROI method is more suitable when both the benefits and the costs of an investment are easily traceable and tangible. Since an investment in cloud technologies is a capital expenditure, the investment is likely to be under scrutiny of senior management for the budget approval. The investment evaluation and decision model in the previous sections identifies the optimal investment point where the marginal cost saving equals the marginal investment. However, it is possible that the optimal solution does not necessarily meet the ROI threshold rate imposed by the organization. The ROI threshold rate is the minimum ROI level for which a company will make investments. The ROI threshold rate is usually tied to the cost of capital and is used to screen out low productivity projects under financial constraints. This section derives a formula to identify the target ROI of the interoperability enhancement project.
To illustrate the calculation of the ROI, suppose the total cloud cost without investment in interoperability is $100 m. Assume that with the investment of $10 million, the total cloud cost including the investment is $99 m. In this case the ROI is 10% (i.e., ($100 m-$99 m)/$10 m). If the ROI threshold rate of the company is 20%, the project would be rejected even though the investment of $10 million reduces the total cloud cost. The basic ROI formula is given as: 
Since the optimal investment, G * , is the point where the marginal cost saving equals the marginal investment, it is expected that the decrease of the investment amount increases the ROI. Equation (21) is used to measure the ROI.
where I is the total cloud cost without investment in interoperability and r is the ROI target threshold. To find the target ROI using the Newton-Raphson method in one variable, the following is formulated:
Then, the first derivative of f(G) is:
To begin the search for the target ROI, r, set G 0 at G * found in Eq. (19) .
The process is repeated as:
until a sufficiently accurate value of G is reached. As an illustration of the above Newton-Raphson method, assume that the target ROI is 20%. Using the (25), a sufficiently accurate value of G is obtained to achieve the target ROI of 20%. Compared to a time-consuming linear search for the G for the target ROI, the Newton-Raphson method is shown to achieve tremendous efficiency in the cloud investment decision and can be a useful performance management technique. A sensitivity analysis is conducted to investigate the relationship between the ROI and G. Note that to minimize the total cloud cost, the optimal investment should be $932,129 and the ROI is 14.82%. Figure 8 shows that the decrease of the investment from $932,129 generates higher ROIs, but the increase of the investment from $932,129 decreases the ROIs. If the ROI threshold rate of the company is higher than 14.82%, they need to decrease the investment even though the total cloud cost is the lowest at the investment of $932,129. With the ROI, managers would be able to develop a strong justification for the investment.
Diminishing return applies to the ROI of the interoperability investment. A corporate cloud customer can find that for their given computing demand distribution, there is an optimal level of interoperability investment that minimizes the total cloud cost. Up to the optimal level of investment, any additional investment will increase the return. However, over that optimal level of investment, any additional investment will continue to diminish the return. The corporate cloud customer may have an ROI threshold rate which is equal to the company's minimum acceptable ROI rate. If the ROI at the optimal total cloud cost is greater than or equal to the ROI threshold rate, then the interoperability investment level needed for the optimal total cloud cost is justified. However, if the ROI at the optimal total cloud cost is less than the ROI threshold rate, the company needs to lower the interoperability investment to the point where the ROI equals their ROI threshold rate.
Conclusion
According to Forrester [46] , in 2018, cloud computing became a must-have technology for every enterprise. Nearly 60% of North American enterprises are using some type of public cloud platform. Furthermore, private clouds are also growing fast, as companies not only move workloads to the public cloud but also develop on-premises private cloud in their own data centers. Therefore, this paper predicts that the corporate adoption of hybrid cloud computing for corporate cloud capacity management is an irreversible trend. The demand for the hybrid cloud will continue to grow in the future as big data, smart phones, and the Internet of Things (IoT) technologies require highly scalable infrastructure to meet the growing but fluctuating computing demand.
Advances in cloud computing hold great promise for lowering computing costs and speeding up new business developments. However, despite the popularity of cloud computing, no significant investment evaluation models are available. The existing body of studies are mostly descriptive in nature. The optimal cloud capacity investment has been elusive and therefore investments have been based on gut feelings rather than solid decision models. Hence, this paper presented a capacity evaluation and investment decision model for the hybrid cloud. A closed form solution was derived for the optimal capacity decision. This model provides a solid foundation to evaluate investment decisions for various cloud technologies, moving beyond the existing descriptive valuation studies to normative studies, the outcomes of which should be able to guide cloud professionals to plan on how much they need to invest in different cloud technologies and how they can enhance the investment benefits from a corporate customer's perspective. While there is widespread cloud adoption and technological breakthrough, the interoperability issue remains a barrier. To address the interoperability issue in the hybrid cloud, this paper also developed the cloudinteroperability evaluation and investment model by extending the basic model. This model derives the optimal investment levels for both the cloud capacity and the interoperability enhancement simultaneously. The relationship between the investment in the interoperability enhancement and ROI was also investigated.
This study is the first effort in developing an analytical cloud capacity evaluation and investment decision model for the hybrid cloud, and analyzing the impact of the interoperability investment on the cost savings and ROI. This model can be easily adapted to a variety of investment situations in both for-profit organizations and non-profit organizations such as hospitals, governments, and libraries that have similar computing demand and cost structures.
Like many studies, this study has several limitations. First, it is noted that the successful use of these models would require accurate estimation of the model parameters and the use of various modeling techniques. Future research may explore various estimation techniques of the model parameters to develop more realistic models. Second, future studies need to investigate additional variables for the model. For example, different cloud providers employ different schemes and models for pricing [47] and the diversity in the pricing models makes price comparison difficult [48] . Incorporation of this variable price may be a worthwhile future research. The interoperability costs may include not only tech architecture or wrappers, but also data transport costs. The future model may include the data transport costs in the cloud capacity decision. Lastly, despite an increased focus on cloud cost management, only a minority of companies have implemented policies to minimize wasted cloud resources such as shutting down unused workloads or rightsizing instances [5] . Implementation of well-defined cloud governance and adaptive cloud scheduling techniques may help companies minimize the wasted cloud resources and avoid overinvestment in cloud capacity. Researchers are encouraged to explore the abovementioned limitations of this study in their future research.
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